Abstract: Graft copolymerization of methacrylonitrile (MAN) onto chitosan using ammonium persulfate (APS) as an initiator was studied. The reactions were carried out under argon atmosphere in a homogenous aqueous phase containing a small portion of acetic acid (AcOH). Evidence of graft copolymerization was obtained by FTIR spectroscopy, e.g., the appearance of nitrile in the spectrum of chitosan-graftpolymethacrylonitrile. The synthetic conditions were systematically optimized through studying the influential factors including temperature, as well as concentrations of initiator, MAN, AcOH, sodium dodecyl sulfate surfactant (SDS) and chitosan. The effects of individual factors were investigated by calculating and monitoring the variation of the grafting parameters, i.e., grafting ratio, grafting efficiency, add-on value, homopolymer content, and total conversion. The optimum condition was achieved at APS 0.0108 mol/L, MAN 0.201 mol/L, 80°C, SDS 0.0016 mol/L, chitosan 0.5 g, AcOH 0.0086 mol/L. The overall activation energy for the graft copolymerization was determined to be 7.3 kJ/mol.
Introduction
Chitosan [1(4)-2-amino-2-deoxy-D-glucan] is essentially the N-deacetylated derivative of chitin. Next to cellulose, chitin is considered to be the second most abundant natural organic resource on earth. Chitin can be found in marine invertebrates, fungi, insects and yeasts. Chitin can be deacetylated to form chitosan by using NaOH solution at high temperature [1, 2] . Chitin and chitosan have been of interest in the past few decades due to their potential broad range of use from industrial applications to biomedicine and food applications [3] [4] [5] .
The chemical modification of natural polymers is a promising method for the preparation of new materials. This will open ways to various utilizations of these natural polymers. Among the diverse modifications that are possible to achieve, grafting of synthetic polymer is a convenient method. Graft copolymerization of vinyl monomers onto chitosan and other natural polymers using free-radical initiation has attracted the interest of many scientists in the last three decades.
As a thermal initiator, azoisobutyronitrile (AIBN) has been used to graft-copolymerize some vinyl monomers including acrylonitrile (AN), methyl methacrylate (MMA), methyl acrylate (MA) and vinyl acetate (VAc) onto chitosan [6] . Generally, the grafting 1 percentages have been low. Chitosan-graft-poly(vinyl alcohol) has been prepared through hydrolysis of chitosan-g-poly(VAc) [7] . With Fenton's reagent as a redox initiator, MMA has been graft-copolymerized onto chitosan [8, 9] . MMA was also initiated by UV light to be grafted onto chitosan chains [10] . γ-Ray irradiation was also used to graft-copolymerize styrene, VAc and acrylamide (AAm) onto chitosan [11] [12] [13] . Potassium persulfate (KPS) has been used to graft poly(N-vinylpyrrolidone) [14] and poly(2-acrylamido-2-methylpropanesulfonic acid) [15] on the chitosan backbone. Acrylic acid (AA) was recently grafted onto chitosan using the KPS/ferrous ammonium sulfate initiator system [16] . Most recently, another redox initiator system, named thiocarbonation-KBrO 3 , was used for grafting hydroxyethyl methacrylate onto chitosan [17] . Ce(IV) is another efficient initiator to graft poly(AAm) [18] , poly(AA) [19] , poly(N-isopropylacrylamide) [20] and poly(acrylonitrile) [21] onto chitosan.
In the present work, we attempted to modify chitosan by graft copolymerization of methacrylonitrile using ammonium persulfate initiator. The combined effect of the principal reaction variables for the grafting process was systematically studied to achieve the optimum conditions. The grafting reaction was carried out in homogeneous phase by using ammonium persulfate initiator in dilute acetic acid solution.
Experimental part

Materials
The chitosan sample was prepared from chitin [22] and the degree of deacetylation was determined by titration [1] to be 76%. Chitin powder was prepared from dry shrimp shell by removing protein, inorganic materials and pigments according to the procedures described in ref. [23] . Ammonium persulfate (APS) was purchased from Merck and was used without purification. Methacrylonitrile (MAN, Merck) was used after distillation for removing of inhibitor. Sodium dodecyl sulfate (SDS, Aldrich) was used without further purification. All other chemicals were of analytical grade.
Graft copolymerization of MAN onto chitosan
Chitosan solution was prepared in a 100-mL two-necked flask equipped with magnetic stirrer, gas inlet, and reflux condenser. 0.50 g chitosan was dissolved in degassed distilled water containing 1 wt.-% acetic acid. After dissolution of chitosan, SDS (0.0024 mol/L) was added to the solution. In all experiments, the total volume of the aqueous solution was 35 mL. To control the reaction temperature, the flask was placed in a water bath preset at the desired temperature.
1.60 g MAN was added to the flask and the mixture was heated at the given temperature and stirred for 5 min. Then a given amount of the initiator solution was added to the mixture. The mixture was continuously stirred at the desired temperature until completion of the reaction (2 h). The product was then precipitated by neutralization of grafted chitosan, using 1 M NaOH solution. The product was thoroughly washed with methanol and dried at 50°C for 4 h. To separate the polymethacrylonitrile (PMAN) homopolymer, 0.50 g of the crude product was poured into 50 mL of dimethylformamide (DMF) and stirred gently at 30°C for 24 h. After centrifuging and decanting the supernatant (PMAN in DMF), the chitosan-graft-polymethacrylonitrile was precipitated in methanol, thoroughly washed with methanol, and dried at 50°C to reach a constant weight.
Results and discussion
Evidence of grafting
The simplest method to prove the formation of chitosan-g-PMAN is based on the solubility difference of the graft copolymer and the non-grafted homopolymer, PMAN. Chitosan and PMAN are soluble in 1 wt.-% acetic acid aqueous solution and DMF, respectively. When a reaction product was Soxhlet-extracted with DMF and alternately with 1 wt.-% acetic acid solution for 24 h, an insoluble solid still remained. A physical mixture of chitosan and PMAN was treated in the same way and was found to dissolve completely. Therefore, it is obvious that the graft copolymer obtained was not a simple physical mixture, but some chemical bonds must exist between the chitosan substrate and PMAN macromolecules.
The existence of PMAN grafting was also confirmed by the differences between FTIR spectra of the substrates and that of the graft copolymer ( Fig. 1 and Fig. 2 ). Fig. 1b represents the spectrum of pure PMAN polymer that shows a sharp absorption band at 2240 cm -1 due to -CN stretching. The spectrum of pure chitosan ( Fig. 1a ) contains a broad band at 3400 -3600 cm -1 due to -OH stretching of chitosan. The band at 1400 -1100 cm -1 is C-O stretching of secondary alcohols on the chitosan backbones. Fig. 2c ) and chitosan-g-PMAN (Fig. 2d ). As shown in this figure, an intense sharp characteristic peak in mixture and copolymer at 2240 cm -1 is assigned to CN stretching absorption. The intensity of the -CN band in the mixture is higher than of the copolymer. That can be attributed to the low grafting percentage of PMAN on chitosan. Comparing the spectra of mixture and copolymer, the shift of the 1396 cm -1 band (in the mixture of chitosan and PMAN) to 1447 cm -1 (in chitosan-g-PMAN) can be attributed to the participation of secondary alcohols in grafting (KPS as an initiator abstracts H from these alcohols). Also it can be seen that the spectrum of a physical mixture of both components differs appreciably from that of the grafted chitosan. This confirms further that PMAN chains were covalently bonded to the chitosan backbone. 
Grafting parameters
Grafting parameters, i.e., total conversion (Ct), grafting ratio (Gr), grafting efficiency (Ge), add-on (Ad), and homopolymer content (Hp) were determined according to known weight-basis expressions [24, 25] .
where W 0 , W 1 , W 2 , and W 3 are the weights of initial substrate, monomer charged, total product (i.e., copolymer and homopolymer), and pure graft copolymer (after DMF extraction), respectively.
In this work, methacrylonitrile was grafted onto chitosan in a homogenous solution under an inert atmosphere. Since polymerization variables determine the extent of grafting and homopolymer amount, certain factors affecting the grafting parameters were investigated to achieve the optimum condition of polymerization. Therefore, we optimized the grafting of methacrylonitrile onto chitosan in homogenous aqueous medium by changing temperature, the initial concentrations of monomer, initiator, SDS, acetic acid and the relative amount of chitosan. Within the range of the amount of the reactants used, our preliminary studies showed no considerable dependence between reaction time and grafting extent. Fig. 3 exhibits the effect of APS concentration on the grafting parameters. The maximum %Gr was obtained with an initiator amount of 0.0108 mmol/L. In this series of reactions, we didn't achieve homopolymer. This may be due to the low concen-tration of MAN in the water solution and the high availability of MAN in the micelles. In fact MAN is a hydrophobic monomer and its solubility in the micelles is high. With initial grafting of MAN onto chitosan, its hydrophobic properties increase and it diffuses into micelles where grafting takes place. The SO4 -. concentration in the micelles is low so homopolymerization doesn't take place. %G and %add-on increased with increasing initiator concentration and reached their maxima at 0.0108 mol/L. The increase of %Gr and %add-on with increasing initiator concentration may be ascribed to an increasing number of active sites on the chitosan backbone arising from the attack of SO 4 -. . Increasing the initiator concentration further resulted in a decrease of grafting yield. A relatively high concentration of APS may cause a reduction of the grafting yields due to the termination of growing grafted chains by excess of primary radicals formed from the initiator.
Effect of initiator concentration
Effect of chitosan amount
To study of the effect of the chitosan amount, graft copolymerization was studied for various amounts of chitosan by keeping other reaction conditions constant. As shown in Fig. 4 , with an increasing amount of chitosan, %Gr, %add-on and %Ct increased, reached maximum values (%Gr = 150, %add-on = 33.3) when the amount of chitosan was 0.5 g, and then decreased. The increase of %G and %add-on with increasing amounts of chitosan can be attributed to the availability of more grafting sites for initiation of graft copolymerization (Fig. 3 , from 0.3 to 0.5 g chitosan). With increasing the chitosan amount from 0.5 to 0.7 g, %G and %add-on decreased. This may be attributed to the fact that at high concentration of chitosan, the viscosity of the reaction medium increases, which hinders the movement of free radicals and monomer, thus causing a decrease of the grafting parameters. It also may be attributed to deactivation of the growing macroradical chains (e.g., by transfer reaction, combination and/or interaction with the primary radicals) soon after their formation. Similar 5 results have been reported on the grafting of acrylonitrile using Ce 4+ initiator [21] and vinylpyrrolidone using potassium persulfate initiator [14] . With increasing amount of chitosan, %Ct increased. This can be attributed to an increase of the grafted chitosan amount in the copolymer. 
Effect of bath temperature
Temperature is one of the important factors in determining the extent of grafting. The effects of the reaction temperature on the grafting of MAN onto chitosan were studied by varying the reaction temperature from 65 to 85°C (Fig. 5) . With increasing the temperature from 65 to 80°C, %Gr, %add-on and %Ct parameters increased. This can be attributed to (1) an increase in the number of the free radicals formed on the chitosan backbones, (2) increased propagation of chitosan grafts, (3) increased mobility of monomer molecules and their collision with backbone macroradicals, and (4) enhancement of diffusion of monomer and initiator into and onto the backbone 6 structure [26] . %Gr and %add-on showed a decrease above 80°C. This phenomenon can be attributed to an enhanced mobility of macroradicals that may lead to termination at higher temperature.
Effect of monomer concentration
The effects of the monomer concentration on the grafting parameters are shown in Fig. 6 . With increasing MAN concentration in the reaction medium, %Gr increased from 132% at 0.144 mol/L of MAN to 210% at 0.86 mol/L. The presence of a high concentration of MAN in the polymerization medium provides greater availability of MAN molecules in the proximity of the chitosan macroradicals, thus diffusion of MAN is higher and %Gr increases. The increase of %Hp (from 0% to 57%) with increasing MAN content can be attributed to the formation of free radicals in the MAN, which led to the formation of homopolymer. %Ge decreased with increasing MAN concentration. As the MAN concentration increases, the diffusion of MAN molecules into the chitosan backbone increases, leading to higher %Gr and %add-on. The increase of grafting after saturation could be associated with depletion in the available MAN concentration as well as reduction of the active sites on the chitosan backbone as the graft copolymerization proceeds. MAN has a high affinity to its polymer substrate, which means that the copolymerization would occur in the polymer phase to a large extent. Thus, it is likely that homopolymerization occurs, preferentially, over grafting and as a result a decrease in %Ge is observed.
As shown in this figure, %Hp increased with increasing MAN concentration. In fact with increasing of [MAN] , the availability of monomer close to SO4 -. is higher and so homopolymerization is favoured. Furthermore, transformation of radicals from chitosan macroradicals to SDS results in the homopolymerization of MAN on SDS.
Effect of acetic acid concentration
Chitosan is an acid-soluble polysaccharide. Dilute acetic acid solution was used to achieve a homogeneous solution of chitosan and graft copolymerization was carried out in this medium. The effect of acetic acid concentration on the grafting parameters is shown in Fig. 7 . The acetic acid concentration was varied from 0.086 to 0.502 mol/L. With increasing acetic acid concentration, %Gr and %add-on decreased. This can be attributed to the partial termination of macroradicals, resulting in a reduced grafting ratio [27] . Maximum %Gr and %add-on obtained were 160 and 37.5, respectively, at 0.086 mol/L. 
Effect of SDS concentration
Sodium dodecyl sulfate (SDS), an anionic surfactant, is most commonly used in research studies. In an aqueous medium, the surfactant molecules, beyond the critical micelle concentration (CMC), self-aggregate to form micelles, resulting in a biphasic system, viz., bulk and micellar phases. MAN is solubilized in the micellar phase due to the hydrophobic interaction. MAN is a hydrophobic monomer and its solubility in micelles is higher than in pure water. So, in the micelles the monomer concentration is high. When APS initiator decomposes in water causing macroradicals in the chitosan backbone, grafting of MAN onto chitosan takes place and initial grafted copolymer becomes sufficiently hydrophobic to enter micelles [28] . MAN concentration in the micelles is high so the grafting of MAN is high. The effect of SDS concentration on the grafting parameters is shown in Fig. 8 . In the absence of SDS, %Gr is low. In fact in the absence of SDS, the availability of MAN close to SO4
-.
is high and homopolymerization takes place. However, with addition of SDS %Gr 8 increases from 166% in the absence of SDS to 205% in its presence. With further increasing SDS concentration, %Gr decreases. This can be attributed to the partial termination of macroradicals and radical transformation from macroradical to SDS, resulting in a reduced grafting ratio. The effect of SDS concentration on %Ge, %Hp and %add-on is illustrated in Fig. 9 . As shown in this figure, with increasing the SDS amount, %Hp decreases. This can be attributed to micelle formation of SDS in solution. So monomer concentration in the micelles is increased and it results a low concentration of MAN in the water solution and so the degree of homopolymerization is low. At high concentration of SDS, %Hp is increased. In fact with increasing SDS concentration, the radical transformation from chitosan macroradicals to SDS backbones is increased and results in homopolymerization of MAN on SDS.
The effect of SDS on %add-on can be described similar to %Gr. In the case of %Ge and according to the Eq. (3), with increasing SDS concentration, %Hp increases. So, the amount of pure copolymer is increased and results in an increasing %Ge. But at high concentration of SDS, %Hp is increased, so the amount of pure copolymer chitosan-g-PMAN is decreased and %Ge is decreased.
Rate of graft copolymerization
The rate of graft copolymerization (R g ) may be evaluated measuring the rate of monomer disappearance by using the following equation:
M (in g/mol) is the molar mass of the monomer. t and V stand for total reaction time (in s) and total volume (in mL) of the reaction mixture. To calculate the activation energy, we can use the Arrhenius equation. -ln R g versus 1/t was plotted for the initial portion of the curve related to the temperature series in Fig. 5 . This Arrhenius plot ( Fig. 10 ) results in an estimation of the overall activation energy of the graft copolymerization (E a ) using the relationship tan (slope) = -E a /R, where R is the universal gas constant. Thus, E a was found to be 7.3 kJ/mol. 
Conclusion
The grafting of MAN onto chitosan was carried out using APS as an efficient initiator in homogeneous dilute acetic acid solutions. The effects of various reaction parameters such as MAN, AcOH, APS and SDS concentrations, chitosan amount and temperature on the grafting of MAN onto chitosan were carefully studied and interpreted. The optimum conditions for graft copolymerization were determined to be: chitosan amount 0.50 g, acetic acid 0.086 mol/L, reaction temperature 80°C; MAN 0.201 mol/L, APS concentration 0.0108 mol/L, SDS 0.0016 mol/L. The maximumgrafting ratio and add-on value obtained under these conditions were 212% and 53%, respectively. However, in general, the degree of grafting of MAN onto chitosan (in comparison to acrylonitrile grafting onto chitosan [21] ) was low, preferentially due to the presence of a methyl group on MAN that hindered the addition of monomer to the propagation of polymerization. The grafting of MAN in the presence of SDS was higher than in the absence of SDS. Because of the hyrophobicity of MAN, the MAN concentration in the micelles is high. So, diffusion of chitosan macroradicals into micelles results in high grafting degrees. Using the Arrhenius equation, the activation energy was calculated to be 7.3 kJ/mol.
